An efficient antenna mutual coupling reduction (decoupling) technique using reactively loaded dummy element array for two dual-band closely coupled MIMO antennas is proposed in this paper. This dummy element array comprises three dummy elements, including one low-frequency dummy element and two symmetrically placed high-frequency dummy elements. A pair of dual-band antennas working at 2.45 GHz (low band) and 5.8 GHz (high band) simultaneously is used to demonstrate the effectiveness of the proposed method and to illustrate the decoupling design process. The dual-band antennas with and without the designed dummy element array are both fabricated and measured. Measurement results show good impedance matching for both antenna ports at both operating bandwidths. More importantly, the isolations have been improved from 9 dB at low band and 7.7 dB at high band to more than 20 dB at low band and more than 25 dB at high band, respectively. The envelop correlation coefficient (ECC) as one key figure of merits for MIMO antennas is also improved significantly. The proposed method can find plenty of applications in dual-band wireless systems where multiple antennas are installed.
I. INTRODUCTION
After generation by generation development, the wireless communication systems have evolved into the newest era. As the throughput demand is becoming higher and higher, modern communication systems are urged to use multiple antennas at broader frequency bandwidth. Meanwhile, to be forward compatible and global roaming enabled, multiple frequency bands operation should be supported. For instance, the popular 5G cellular systems occupy 690 ∼ 960 MHz, 1710 ∼ 2690 MHz and 3300 ∼ 3700 MHz bands [1] . The WLAN standards IEEE 802.11 a/b/g/n/ac/ax operate at both the 2.4 GHz and 5 GHz bands supporting at least 2 by 2 and up to 8 by 8 MIMO operation [2] . Nowadays, even GNSS (Global Navigation Satellite System) in a mobile terminal The associate editor coordinating the review of this manuscript and approving it for publication was Zhen Gao . must be dual-band at around 1200MHz as well as around 1500MHz.
Dual-band or multiple band antennas are commonly used in the abovementioned systems. It is no overstatement to say that almost all antennas for wireless communications are multiband nowadays. Packing more and more multiband antennas together in a compact physical unit, leads to mutual couplings and performance degradations at multiple frequency bands. Therefore, the mutual coupling issue should be solved in a multi-band, at least dual-band manner [3] , [4] . Unfortunately, among many relevant works devoted to developing effective and practical decoupling techniques to reduce the mutual couplings among antennas at single band [5] - [14] , not many among them can be easily extended to the realm of multiband. [15] and [16] both accomplish reducing the mutual coupling of two dual-band antennas, the operating bands are 803-820 MHz and 2440-2900 MHz in [15] , UMTS (1920-2170 MHz) and WLAN (2400-2484 MHz) in [16] respectively using the defected ground structure (DGS) method. The DGS's performances at the pre-specified two bands shall be well controlled to achieve the decoupling purpose. Neutralization line technique has also been extended for dual-band antennas in [17] with good decoupling performance. The limitation of this technique is that there is still not clear design procedure to follow, cut and try is the common practice, which is time consuming. Dual-band coupled resonator decoupling network (CRDN) for dual-band antennas is well studied in [18] , yet the antennas to be decoupled must be very closely spaced for the dual-band CRDN to be inserted between them. Meanwhile the designer needs to have strong network synthesis background to finalize the design. Complex transmission line networks can also be used [19] for two dual-band Wi-Fi antennas, but the insertion loss introduced by the bulky network must be carefully considered. Metasurface based solution is also available in [20] .
Among many effective decoupling measures, decoupling with dummy (parasitic) element and element arrays have been well studied for single band antennas [8] , [21] - [23] . However, to the best of the authors' knowledge, there are still no dual-band or multi-band solutions in the literature. To meet the increasing demand of dual/multi-band antenna design and decoupling, it is important to study the possibility to extend the method to dual-band or even multi-band antenna applications.
The remaining part of the paper will be organized as the following. In Section II, the decoupling theory and systematic design procedure are described. In Section III, the design procedure is illustrated with examples. The decoupling results including S-parameters, surface-current distributions, radiation patterns, efficiencies and envelope correlation coefficients (ECCs) is also given in the subsequent section. Finally, Section V concludes the whole paper.
II. DESIGN THEORY AND PROCEDURE
Two strongly coupled dual-band antenna could have couplings at both high band (HB) and low band (LB) as shown in Fig. 1 . Generally speaking, the antennas can be represented using the following admittance parameters: y IL : self-admittance of antenna i at low band. y IH : self-admittance of antenna i at high band. y AL : mutual admittance between antenna i and antenna j at low band.
y AH : mutual admittance between antenna i and antenna j at high band.
To deal with the mutual coupling at both low and high bands, a simple way is to deal with the mutual couplings separately. Therefore, dummy elements effective at low band and high band are introduced as shown in Fig. 2 . Dummy 1 is the dummy element effective at low band but might have harmonic resonance at high band. Dummy 2 & 3 are effective only at high band. It is worth mentioning that in this case two dummy elements at high band are used to maintain the symmetry nature of the antennas. At this time, we have a five-port equivalent network with the following additional admittance parameters: y IIL , y IIH : self-admittance of the low band dummy element at low and high band, respectively. y IIIH : self-admittance of the high band dummy element at high band.
y BL : mutual admittance between the antennas and the low band dummy element at low band. y BH : mutual admittance between the antennas and the low band dummy element at high band.
y CH : mutual admittance between the antennas and nearby the high band dummy element at high band.
y DH : mutual admittance between the antennas and the distant high band dummy element at high band.
y EH : mutual admittance between the low band dummy element and the high band dummy element at high band.
y EH : mutual admittance between two high band dummy elements at high band.
Consider the model shown in Fig. 1 and the above defined admittance parameters, the voltage-current relation of the two VOLUME 7, 2019 coupled antennas at the low band and the high band can be written as:
and
After adding the dummy elements ''Dummy 1∼3'' as shown in Fig. 2 , the voltage-current relation of the new five-port network at the low band can be written as:
In equation (2), the high band Dummy 2 at Port 4 and Dummy 3 at Port 5 are supposed to be open circuited therefore the corresponding rows and columns in (2) are set to be zero. Similarly, the voltage-current relation of the new five-port network at the high band can be written as:
The prime means the original admittance parameters are altered while adding the dummy elements. To decouple the mutual coupling at the low band, a section of open-circuited transmission line is connected to the low band dummy element at Port 3 as shown in Fig. 3 . Suppose the input admittance of the terminated transmission line TL 1 is Y L1 , we can obtain that:
The minus sign in front of Y L1 accounts for the inverse direction of the current defined at the ports of the dummy elements. Substituting (4) into (2) yields:
where
Decoupling in the low band is achieved by controlling the mutual admittance y BL between the antennas and the low band dummy element at the low band as well as its load Y L1 , in order to minimize y AL in equation (6b). The next step is to neutralize the mutual coupling at the high band. As shown in Fig. 4 , the two high band effective dummy elements are also terminated with two sections of open-ended transmission lines TL 2, whose input admittance at the high band is Y L2 . The voltage-current relation at the ports of the dummy elements can be described matrices in block form by
It should be noted that at the high band, the termination of Port 3 has the input admittance of Y L1 , considering the dispersion of transmission line TL 1 at the high band.
(3) can also be written into the block matrix form as:
Substituting (7) into (11) yields:
Taking all the dummy elements and their respective loads at the high band into account, the voltage-current relation of the two dual-band antennas at the high band shown in Fig. 4 can be expressed as:
Substituting (12)∼ (16) and (10) into (17) and comparing with (18) , it is apparent that by terminating the dummy elements by load, the original admittances of the radiating antennas are modified. Since the analytical solution of y AH is not explicit, it is suggested that optimization on the high band dummy elements and all the loads should be conducted. Since both the loads Y L1 and Y L2 can be expressed by:
where Y 1 and Y 2 are the characteristic admittance of loading transmission line for the low band dummy element and the high band dummy element, respectively. β H is the phase constant of the line at the high band, and l 1 and l 2 are the lengths of the loading transmission lines for the low band dummy element and the high band dummy element, respectively. It should also be noted that the line length of the low band dummy load is already determined using (6), therefore, the remaining task is to optimize length l 2 to minimize the mutual admittance y AH . The goal function for searching the optimal length that best satisfies our decoupling purpose at the high band can be defined as:
After the antenna are decoupled at the high band, it is inevitable that re-matching is needed after introducing all the above-mentioned dummy elements and loads using matching networks as shown in Fig. 5 . However, the difficulty in this design lies in the dual-band matching demand. Fortunately, with the help of multi-section stepped impedance in [24] , the dual-band re-matching of the two dual-band antennas is accomplished.
III. DECOUPLING DESIGN WITH EXAMPLES
To illustrate the decoupling design procedure, two identical dendritic shape monopole antennas (Ant1 and Ant2) that are strongly coupled at both 2.45 GHz and 5.8 GHz are used as an illustrative example as shown in Fig. 6 . The antennas are printed on a 0.8 mm low-cost FR-4 substrate (ε r = 4.4, loss tangent equals to 0.02) with the dimension of 70 mm × 70 mm. Two 50-ohm SMA connectors are used to feed the antennas as Port1 and Port 2 respectively. The top branch ''lb2'' mainly controls the resonance for 2.4 GHz and the bottom branch ''lb1'' controls the resonance for 5.8 GHz operation. By adjusting the width (wb1 and wb2) of the two branches and the angle a between the branches, matching bandwidth at the desired bands can be adjusted. The other antenna dimensions are listed in Table 1 . The center-to-center distance between the two antennas is 26 mm, which is around 0.21 wavelength at 2.45 GHz and 0.5 wavelength at 5.8 GHz. The antennas are modelled and simulated in Ansys HFSS.
The simulated S-parameters of these initially designed dual-band antennas are superposed in Fig.7 . It can be seen that the reflection coefficients in the bands of 2.06∼2.91 GHz . Simulated S-parameters (S11 for Ant1, S22 for Ant2, S21: Isolation between two antennas) for the initial antenna array coupled at both low and high bands. and 5.5∼6 GHz are both less than −10 dB. As expected, poor isolation of about 9 dB is observed in the low band and 7.7 dB in the high band. This isolation level cannot satisfy the engineering requirements, so the mutual couplings of the antennas has to be further improved at both the two frequency bands.
In order to improve the isolation of the initial antenna, both low band effective dummy element and high band effective dummy elements are introduced as illustrated in Fig. 2 . The detailed design procedure will be elaborated below.
Step 1: Introduce one low band dummy element and two high band dummy elements; obtain the new five-port network parameters.
The first step is to introduce one low band effective dummy element and two high band effective dummy elements between the two coupled antennas as shown in Fig. 8 (a) . The low band dummy element has the length of 25 mm which is about 0.2λ 0 at 2.45 GHz, while two high band dummy elements are symmetrical and have the length of 10.5 mm which is also about 0.2λ 0 at 5.8 GHz. Considering two antennas and three dummy elements, the scattering parameters of the newly formed five-port network shown in Fig. 8(b) , are superposed in Fig. 8(c) . |S 33 | is the reflection coefficient of the low band dummy element, which has resonance at around 2.5 GHz and has additional harmonic resonance at high band not far from 5.8 GHz. |S44| and |S55| are reflection coefficients for the high band dummy elements that resonate at 5.8 GHz and have no extra resonance at 2.45 GHz band. The reason for placing two high band dummy elements is to maintain structural and radiation pattern symmetry.
Step
2: Terminating the low band dummy element with a section of open-ended transmission line and decouple the two antennas at low band.
After establishing the above five-port network model, the next step is to load the low band dummy element at Port 3 with a section of transmission line whose input admittance is determined using equation (6) by equating y AL to zero, as shown in Fig. 9 (a) . The process can be conducted in the circuit simulator Keysight Advanced Design System (ADS), which is quite time efficient compared to EM simulation. The calculated input impedance of the low band dummy element is Y L1 = −j 0.33 (S). The response of the circuit model with the low band dummy element terminated is shown in Fig. 9 (b) . It can be observed from the figure that the mutual coupling reduction is realized in the 2.45 GHz band after inserting the open-circuited line at the port of the low band dummy element. The isolation of antenna has been reduced to completely below −20 dB at 2.4∼2.5 GHz. The isolation at the high band is not ideal which needs a further decoupling process. Antenna detuning is observed in both the low and the high bands but with acceptable extent, which can be dealt with in the final step as shown in Fig. 5 .
3: Terminating the remaining high band dummy elements with open-ended transmission lines and decouple the two antennas at high band.
The next step is to decouple the remaining high band mutual coupling. Two open-ended transmission lines are used as the load for high band dummy elements. Since the analytical solution at this time is quite complicated, optimization is conducted in ADS using the criterion already defined in equation (20) . The optimum length and width of the trans- mission line terminating the high band dummy elements are 3.8 mm and 2 mm as shown in Fig. 10 (a) . The simulated scattering parameters of the model shown in Fig. 10 (a) are plotted in Fig. 10 (b) . Compared to Fig. 9 (b) , the isolations between the two antennas at both the low and high bands are reduced to more than 25 dB, while antenna mismatch is acceptable.
Step 4: Terminating the remaining high band dummy elements with open-ended transmission lines and decouple the two antennas at high band.
As the two antennas are well decoupled at both the low and the high bands, re-matching at each port can be carried out independently. To match the dual-band antennas, multisection stepped impedance would be a good choice using the method specified in [24] . In this paper, three section stepped impedance transformers are used at each port to match the dual-band antennas after decoupling. The design and optimization of the transformer is first carried out in ADS with circuit simulation, and then verified and fine-tuned in Ansys HFSS. The obtained parameters of the transformer as well as other dimensions of the design are listed in Table 2 . Fig. 11 . The final physical model is shown in Fig. 11 (a) with the respective S-parameters shown in Fig. 11(b) . It is obvious that the simulated |S 11 | and |S 22 | are lower than −10 dB over the two desired frequency bands (2.4∼2.5 GHz and 5.6∼5.9 GHz). The |S 21 | is around −25 dB at 2.45 GHz and −27 dB at 5.8 GHz, respectively.
As a comparison, if only one low band dummy element is used, as can be seen in Fig. 12 (a) , the isolation between two antennas at low band is still acceptable. However, the interantenna coupling at high band is only around 10 dB, which is much higher than the antenna decoupling design with both low and high band dummy elements, as shown in Fig. 12 (b) .
IV. DECOUPLING PERFORMANCE EVALUATION
In order to reveal the decoupling mechanism, the simulated current distributions at both 2.45 GHz and 5.8 GHz for both antenna elements with Port 1 and Port 2 excited respectively, are presented in Fig. 13 . During the simulation, when one port is excited, the other port is terminated with 50 ohms load. It can be seen from Fig. 13 that while one antenna port is excited, there is little current coupled to the other port at both 2.45 GHz and 5.8 GHz. Another interesting phenomenon is that at 2.45 GHz, the current distributes mainly on the low band dummy element located at the center, while at 5.8 GHz, the current distributes mainly on the high band dummy elements as well as their respective transmission line loads. The physical model in Fig. 11 (a) and the model in Fig. 6 as a counterpart are both fabricated and measured. The fabricated sample of the decoupled antennas is shown in Fig. 14 (a) . The S-parameters are measured using Keysight E5080A network analyzer which is shown in Fig. 15 , demonstrating good agreement with the simulation results as presented in Fig. 11 (b) . Excellent matching and isolation performance are obtained in both the low and high bands.
The proposed decoupled dual-band antennas and the initial coupled antennas as the counterpart are all simulated using HFSS and measured in SATIMO SG-24 near field chamber to obtain their far-field distributions and radiation patterns. Their simulated radiation patterns on xoy-plane yoz-plane and xoz-plane at 2.45 GHz and 5.8 GHz are shown in Fig. 16 , respectively. It can be observed from Fig. 16 that the patterns for the decoupled antennas become more directive compared to the coupled ones. It is understandable because the introduced dummy elements act like reflectors for the radiating antennas, resulting in pattern diversity and isolation improvement. Meanwhile, the measured radiation patterns on the three cutting planes for the decoupled dual-band antennas are also plotted in Fig. 17 showing good agreement with simulated patterns. The envelope correlation coefficients (ECC) as one of the most important figure of merits for MIMO systems are also calculated using the method in [18] . The obtained ECCs between the antennas while they are strongly coupled and decoupled by loaded dummy elements are compared in Fig. 18 (a) , from which a significant improvement can be observed. Fig.18 (b) displays the measured total efficiency of the decoupled antennas as well as its counterpart. The efficiency of the decoupled antenna in low frequency band is almost the same as its counterpart, though it exists 10% degradation at high frequencies. This is mainly caused by the insertion loss of the three-section impedance transformer which is already verified via HFSS simulation. In practical applications, low loss PCB substrate can be used to further reduce the conduction loss. A performance comparison of the proposed method with respect to other relevant and published works is listed in Table 3 to show the superiority of the proposed method. 
V. CONCLUSION
A compact dual-band WLAN MIMO antenna with improved isolation using loaded dummy element array composed of both low band and high band dummy elements is presented in this paper. The design theory and procedure have been clearly illustrated step by step with a practical example demonstrated for verification. Measured results confirm the effectiveness of the proposed method. The achieved isolations are more than 20 dB at low band and more than 25 dB at high band with satisfactory ECC performance. The proposed design is a promising candidate for practical applications in dual-band wireless systems while excellent decoupling is expected.
